Influence of Carbon Doping on MgB2 Superconducting Properties  by Rakov, D.N. et al.
 Physics Procedia  36 ( 2012 )  1480 – 1485 
1875-3892  © 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of the Guest Editors. 
doi: 10.1016/j.phpro.2012.06.118 
Superconductivity Centennial Conference 
Influence of carbon doping on MgB2 superconducting 
properties 
Rakov D.N.*, Vorobieva A.E., Konovalov P.V., Kotova E.V., Belotelova Yu.N., 
Polikarpova M.V.  
Bochvar Research Institute of Inorganic Materials (JSC «VNIINM»), 5a Rogova Street, 123098 Moscow, Russian Federation. 
 
Abstract 
Superconducting properties of MgB2 wires with and without carbon doping up to 10 at.% have been investigated. 
Carbon particles consisted of 10 - 40 nm nano-tubes or 10 – 20 nm size SiC. Wires were made by “in-situ” technique. 
The regimes of ultrasound homogenization of the mixture of nano- and micro-particles were elaborated. Mixture 
homogeneity was determined by SEM analysis. The influence of carbon on MgB2 synthesis conditions (temperature 
and anneal time), lattice parameters was studied by metallographic and X-ray analysis. Superconducting properties 
(Ic, Tc) of MgB2 wires were also studied. Tc value dropped from 39 K for pure MgB2 to 35 K in the case of carbon-
tubes doping and to 32 K in the case of SiC doping. Critical current density values in magnetic fields 2 – 12 T (4.2 K) 
were compared for wires with pure and carbon-doped MgB2. Ic significant improvement was fixed in the fields 
higher than 4 T. 
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1. Introduction 
Since the discovery of superconductivity in MgB2 this compound is expected to be a promising 
candidate for practical applications at intermediate temperature range ~ 15-30 К. But pure MgB2 have 
insufficient properties in magnetic fields up 4 T at 4.2 K and up 2 T at 20 K. The wide spread method of 
the enhancement of its properties is doping with carbon [1, 2]. Carbon may be added as pure element 
(usually diamond nano-scale (about 20 nm size) particles or nano-tubes), organic [3] or carbonaceous 
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Fig.1 Carbon nano-tubes. х 600 000  
compounds (mainly SiC in the kind of nano-scale particles) [4, 5]. Doping carbon can lead to partially 
boron substitution or inclusion of impurity particles which are expected to be effective pinning sites and 
can enhance critical properties in high magnetic fields [6 - 8].  
There is significant difference among the studies of carbon doping which can be attributed to various 
fabrication techniques and precursor materials. For better effectiveness impurity particles must have less 
as possible grain sizes and be well dispersed throughout MgB2 matrix. Homogeneous dispersion of carbon 
nano-scale particles among micro-scale ones of Mg and B can be a problem and  superconducting 
properties may depend on homogenization technique and on carbon particles size as well. The presence of 
carbon also can have influence on MgB2 synthesis condition. It is known that better carbon solubility in 
MgB2 occur at high temperatures, usually higher magnesium melting point. It is also unclear what element 
ratio in precursor is better. For pure MgB2 usually stoichiometric ratio or 5 – 10 % Mg excess are used. 
But C-dopant partially substitute boron in MgB2 crystal lattice and hence more excess of Mg is needed. At 
the same time usually really substitution of boron is much less than total amount of carbon dopant and the 
most part of carbon is spreading among MgB2 grains [9, 10].   
In this paper we report about doping MgB2 by carbon nano-tubes and SiC, mixture homogenization 
technique, about carbon influence on synthesis temperature and superconducting properties of this 
compound. 
2. Experimental procedures 
As initial reagents we used amorphous boron powder  (99% purity, particles size 50 – 500 nm), 
magnesium powder (99 %) with particle size less 50 μm, SiC nano-particles and carbon nano-tubes. The 
later were obtained by catalytic methane pyrolysis with subsequent removal of metal catalyst in HNO3 – 
HCl mixture. On air nano-tubes formed micro-size agglomerates with bulk density about 50 mg/cm3. In 
organic (toluene for example) agglomerates partially fall into pieces  - hollow tubes with outer diameter 
~20 – 60 nm and ~1 – 3 μm length (Fig.1). SiC particles had sizes about 10 – 20 nm and also form          
~1 – 3 μm agglomerates.  
At precursors preparation initially we 
made B – C (or B – SiC) and then B – C 
(SiC) – Mg mixtures. Mixing was 
carried out in organic by dipping ultra-
sonic disperser at resonance frequency.  
Various organic compounds were tested 
as buffer solutions. The best results for 
mixing boron and carbon were achieved 
in toluene and for mixing boron and SiC 
– in alcohol. 
After dispersion the mixtures were 
dried on air during 72 h and the rests of 
toluene or alcohol were removed by 
annealing at 100 ºC, 5 h. Homogeneity 
of carbon spreading in mixtures was 
studied by SEM.  
The main task during precursor 
preparation was receiving good 
homogeneity of carbon. As it was 
mentioned above nano-tubes form large 
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Fig.2 Boron – carbon mixture after 20 min ultra-sonic dispersion 
in toluene.  
agglomerates (~10 μm) and as the first step we tried to fall them into pieces. The agglomerates were 
broken only after long enough (at least 10 min) dispersion. After such process the volume of nano-tubes 
suspension increased by factor of ~10 and the volume of SiC suspension by factor of ~3. Boron power 
was added to these suspensions and mixtures dispersed again at least 10 min. After final drying the 
homogeneity of B - C and B - SiC mixtures checked by SEM. On Fig. 2 and Fig. 3 the fragments of such 
mixtures are shown. As is shown on Fig.2 carbon agglomerates are almost full dispersed, the most part of 
boron particles is entwined with thin 
carbon tubes. In the B – SiC mixture 
(fig.3) large boron particles are  
 surrounded by ~10 – 20 nm SiC. 
Then the B – C and B – SiC powders 
were dry mixtured with Mg. Totally 4 
precursor compositions were prepared: 
1. Pure Mg – B with stoichiometric 
ratio of elements (for comparison), 
2. Mg – B – C  with stoichiometric 
Mg - B ratio and + 5 % mol. C dopant 
(10 % substitution for B), 
3. Mg – B – C with ratio Mg : (B+10 
% at. C) = 2 : 1. The later composition 
differed from N 2 by excess of Mg.   
4. Mg – B – SiC with stoichiometric 
Mg - B ratio and + 10 % wt. SiC. 
These precursors were used for 
making 4 wires (N 1 – 4, 
correspondently) which were produced 
by powder-in-tube in-situ process. 
Bimetallic Cu-Ta tubes were used as 
wires sheaths. The wires were drawn 
without intermediate annealings up to 1 
mm diameter, fill factor was 32 %. 
Generally we tried to carry MgB2 
synthesis below magnesium melting 
point but few heat treatments above this 
temperature were carried too. Totally 
heat treatments were carried at 530, 580, 
600, 620, 645, 660 and  680 ºC in pure 
Ar during 1 or 5 hours.  
Phase composition was determined by 
X-ray analysis. For such purpose special 
tape samples were made by flat rolling 
of wires. The approximate value of 
MgB2 in ceramic was calculated by 
intensity ratio of (101) peaks of MgB2 
and Mg. Critical current was measured 
by standard four-probe method (1μV/cm 
criteria) on 1.5 m samples rounded 
Fig.3 Boron – SiC mixture after 20 min ultra-sonic dispersion in 
alcohol. 
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before heat treatment on special 32 mm diameter mandrels (wind and react method) in fields 2 – 8 T      
(H perpendicular). Transition temperatures were defined by resistive method.  
3. Results and discussion 
3.1.  X-ray data 
During X-ray studies it was found the difference between pure MgB2 and carbon dopant. As shown in 
table 1 the synthesis of pure MgB2 began at temperature about 530 ºC and at temperatures above 600 C 
samples contains more than 95 % MgB2. Mg traces were less 5 % at 600 - 645 ºC and only pure MgB2 
was present at 660 ºC and 680 ºC. Only at 530 ºC we observed few additional X-ray peaks, and at higher 
temperature no others phases except Mg and MgB2 wasn’t found.  
Table 1. MgB2 % values in samples after 1 h annealing in pure Ar. 
 
Contrary this light and quick synthesis the formation of carbon doping MgB2 was much heavier. The 
synthesis began at higher temperature - only about 600 C. With temperature rise the growth of MgB2 
became better, but only at 645 ºC, i.e. close to magnesium melting point samples approximated to one-
phase (~95 and 85 % for wires 2 and 3). We tried to increase MgB2 value by prolongation of annealing 
time up to 5 h. But quantity of MgB2 doesn’t changed significantly. We couldn’t receive one-phase 
samples with carbon doping MgB2 at temperatures lower than magnesium melting point. Above this 
temperature we received pure MgB2 in wire 2 and composition ~90% MgB2 + 10 % Mg in wire N 3. 
Value of Mg in wire N 3 corresponds magnesium excess in initial precursor. No traces of magnesium and 
boron carbonates were found. It means that carbon passivate magnesium and synthesis of carbon doping  
MgB2 occur well at higher temperature compared with pure MgB2 – above magnesium melting point or 
just below this temperature. 
In the case of SiC dopant (wire N 4) MgB2 phase formation is similar as for pure compound, after 
annealing at 645 ºC sample had only traces of magnesium (less 5%) but new phase Mg2Si appeared 
instead. The quantity of this phase was nearly the same for all studied samples – about 10 – 15 %. Also 
small traces of SiC phase were found too. 
3.2. Jc values depending on annealing temperature 
For pure MgB2 (wire N 1) critical current values were nearly the same for samples annealed in  600 – 
650 ºC  temperature range (Jc ~ 5 × 104 A/cm2 at 4.2 K, 4 T) and about 30 % less for samples annealed at 
Annealing 
temperature, ºC 
pure MgB2 MgB2 + 5% mol. C Mg(B+10% at.C)2 MgB2 +10% wt. SiC 
530 30 0 0  
580 85 <5 0  
600 95 15 <5  
620 95 40 20 80 
645                       95 95 85 85 
660 and 680 100 100 90 90 
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580 ºC. In samples annealed above magnesium melting point (660 and 680 ºC) critical current value 
dropped by factor of 4 – 5. So later we tried to make synthesis only at temperatures below 650 ºC. 
In carbon doping wires no critical current was found in samples annealed at temperatures less than   
620 ºC and in samples annealed at 620 ºC it was less by factor of ~10 compare with pure MgB2 wire. Only 
samples annealed at 645 ºC had the critical current (4.2 K, 4 T) of the same order of magnitude as pure 
MgB2. These data correspond X-ray analysis and shown peak-effect for samples annealed just below 
magnesium melting point. Critical current values in wire N 3 were about 10 % lower than in wire N 2 
evidently because of Mg excess. Similarly pure MgB2 all carbon doping samples annealed at temperatures 
above magnesium melting point had critical current values lower by factor of 4 – 5 compare with optimal 
regime.  
Samples of SiC doping wire N 4 annealed at 645 ºC had Jc = 4.4 × 104 A/cm2 (4 T). For samples 
annealed at 620 ºC  Jc was less by ~20 – 30 % and in samples annealed at 660 ºC Jc was less by factor of 5 
as in all others wires.  
3.3. Transition temperatures 
Superconducting properties of the best samples (645 ºC, 1 h) were examined in details. Results of 
transition temperature of these samples are shown on Fig. 4.  
For undoped MgB2 the beginning of transition was at 38.6 K with transition width 1.9 K. Such 
somewhat low Tc value and large transition width indicate lattice strains or low crystallinity of MgB2 
received at low temperature [6, 11]. Samples with doped MgB2 had somewhat lower transition 
temperatures. The beginning of transition for wires N 2 and N 3 was nearly the same (37 and 36.6 K 
correspondently), transition width was less 1 K for wire 2 and 1.6 K for wire N 3. Much greater influence 
on transition temperature was found in the case of SiC doping. Transition began at 33.6 K, the width was 
larger than in others wires  - 2.2 K. Such strong change of Tc is the evidence that carbon entered into 
MgB2 crystal lattice in the case of SiC doping. 
3.4. Field dependences 
The field dependences (field perpendicular) of critical current densities are shown on fig.5. All wires 
had close critical current values at 4 T field – 4.4 – 5.9 × 104 A/cm2. At higher fields doping samples have 
greater Jc compare with pure MgB2, 
especially in the case on carbon nano-
tubes doping. At field 8 T critical 
current values in wires N 2 and N 3    
(~7  x 103 A/cm2) were by  factors of 
3 - 3.5 greater than in N 1. For SiC 
doping samples this increase was only 
by ~ 40%, although we expected 
much greater influence of dopant in 
view of large change of temperature 
transition value in these samples. 
 
 
 
 
 
Fig.4  Temperature dependence of resistivity (650 ºC, 1 h)           
1 - pure MgB2, 2 - MgB2 + 5 % mol. C, 3 - Mg(B+10% at.C)2,  
4 - MgB2 + 10 % wt. SiC 
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4. Conclusion 
In this paper influence of carbon doping on superconducting properties of MgB2 was studied. Carbon 
was added as nano-tubes and as SiC nano-particles. It was shown that carbon nano-tubes doping improve 
Jc at fieds higher than 4 T compare with pure MgB2. At the same time such doping make more difficult 
the MgB2 synthesis – it is possible only in narrow temperature range just below magnesium melting point. 
Doping by SiC doesn’t change significantly synthesis conditions, Jc field dependence was close to those 
for pure MgB2. The only significant difference was in Tc value which in the case of SiC doping dropped 
up to 31.5 K. 
References 
[1] Wilke R.H.T., Bud`ko  S.L., Canfield P.C.at all. Phys.Rev.Lett. 92 (2004), 217003 
[2] Serrano G., Serquis A., Dou S.X., at all. M 2008 J.Appl. Phys. 103 023907  
[3] Kim J.H., Zhou S., Hossain M.S., at all. 2006 Appl. Phys. Lett. 89 122510 
[4] Serrano G., Serquis A., Dou S.X., at all. M 2008 J.Appl. Phys. 103 023907 
[5] Collings E.W., Sumption M.D.,Bhatia M., at all. 2008 Supercind. Sci. Technol. 21. 103001 
[6] H.Kumakura, A.Matsumoto, T.Nakane et all. Physica C 456 (2007) 196-202 
[7] V.Braccini, D.Nardelli, R.Penco at all. Physica C 456 (2007) 209-217 
[8] M.Tomsic, M.Rindfleish, J.Yue, et all., Physica C 456 (2007) 203-208 
[9] O.V.Scherbakova, A.V.Pan, S.X.Dou et all. IEEE Trans. Appl. Supercon. 17, 2790 (2007) 
[10] S.X.Dou, O.V.Scherbakova, W.K.Yeoh et all. Phys.Rev.Lett.98, 097002 (2007) 
[11] J.H.Kim, S.X.Dou, J.L.Wang at all. Supercond. Sci. Technol. 20, 448 (2007) 
Fig.5 Field dependences of critical current density  
